Abstract: In this paper, we propose an optimization model for solving the channel assignment problem in multi-cell WLANs which is based on maximizing the minimum distance between access points that operate on the same channel. The formulation of the proposed model is presented in the form of a mixed integer linear program (MILP). The main advantage of the proposed algorithm is that it guarantees non-overlapping channel assignment without measurement overhead. The proposed algorithm can be implemented in real time. Simulation results show that the proposed algorithm provides better performance compared to the pick-first greedy and the single channel assignment methods. 
Introduction
Most of the existing WLANs follow the IEEE 802.11b/g standard which operates in the unlicensed 2.4 GHz Industrial, Scientific and Medical (ISM) band. This band consists of eleven frequency channels with only three non-overlapping channels [1] . Thus, careful channel assignment in multi-cell WLANs becomes crucial. The IEEE 802.11 MAC protocol is based on the carrier-sense multiple-access with collision avoidance (CSMA/CA) [1] . In CSMA/ CA, each station must sense the medium before transmitting and interference may be sensed by a station as if the medium is busy and thus it should postpone its transmission. Hence, careful channel assignment, that minimizes the interference, is required in order to increase the total throughput.
Many channel assignment algorithms for multi-cell WLANs are available in the literature (e.g., [2, 3, 4] ). A great survey on different channel assignment techniques for WLANs is provided in [5] . The channel allocation model presented in [2] is based on minimizing the total interference among different APs, while maintaining Signal to Interference power Ratio (SIR) at all users higher than a predefined threshold. In this case, when the SIR at any user becomes less than the predefined threshold, the channel should be modified. The authors in [3] proposed an optimal channel assignment algorithm for multi-cell WLANs which minimizes the total interference seen by all APs in the network. To reduce combinatorial complexity of the algorithm proposed in [3] , a low complexity channel assignment based on Lagrangian relaxation was presented in [4] which can be implemented in real time. Both algorithms presented in [3] and [4] require the APs to make some interference measurements and these information should be collected by the central point (server) to implement the algorithms.
The contribution of this paper lies in presenting a new optimization model for solving the channel assignment problem where the objective is to maximize the minimum distance between APs that operate on the same channel band in order to reduce the total interference in the network. The proposed maxmin model leads to a mixed integer linear programming (MILP) formulation. Practically, the proposed algorithm can be applied in the installation phase or after any modifications in WLAN topology. The proposed algorithm provides non-overlapping channels. Unlike other algorithms in [2, 3, 4] , the proposed algorithm requires neither users nor APs to make any extra overhead measurements to implement channel assignment.
The channel assignment problem
In IEEE 802.11b/g standard, the number of available channels varies from country to country depending on the imposed regulations on the radio frequency spectrum [5] . Each IEEE 802.11 channel in the ISM band has a bandwidth of about 22 MHz and every two adjacent channels are separated by only 5 MHz; thus, neighboring channels overlap with each other. Concurrently, there are only three non-overlapping channels (e.g., 1, 6, and 11) out of all channels. The lack of free available channels and the inherent overlapping among them complicates the channel assignment problem. In particular, a channel assignment algorithm attempts to assign a channel for each AP in a way that minimizes the mutual interference between APs.
The proposed model
The proposed channel assignment algorithm depends on maximizing the minimum distance among APs that work on the same channel. The main idea is that increasing the distance between APs that operate on the same channel reduces the mutual interference between these APs. In this context, we define two parameters, namely, d ij and Á ij ; where d ij is the actual distance between AP i and AP j in meters, while Á ij represents the frequency channel separation between channels assigned to AP i and AP j . Á ij can be defined as
where f i and f j are the channels assigned to AP i and AP j respectively, c is the minimum channel separation between any two non-overlapping channels, which equals five in IEEE 802.11b/g, and w is a weight that affects the execution time of the algorithm. The frequency channel separation factor Á ij in (1) can be written as:
with w Á ij w þ c. In order to get rid of the modulus function, Eq. (2) can be expressed as 
To guarantee that at least one of the values Z þ ij and Z À ij is zero, which is inherent in the modulus model (2) , an EITHER-OR constraint can be defined as [6] 
where ij 2 f0; 1g is a subsidiary binary variable and 2 is an appropriately large number (e.g., 100).
Consider a multi-cell WLAN containing N-APs. The proposed method can be implemented by solving the following optimization model:
The above objective is to find the channels, f i , that maximize the minimum distance between APs that use the same channel. This can be explained as follows. To minimize d ij Á ij , we should guarantee that both d ij and Á ij are minimized. Note from (2) that Á ij will be minimized when f i ¼ f j and in this case Á ij ¼ w. Hence, minimizing d ij Á ij depends only on the distance between APs that use the same channel. Therefore the objective is to maximize the minimum value of d ij w. Taking into account that w is a weighting constant, the objective is to maximize the minimum distance between APs that operate on the same channel. The first constraint in (5) is a linear inequality representing the frequency channel separation factor (2). The second constraint is introduced to guarantee that the first constraint is equivalent to (2) . The rest of the inequalities represent the EITHER-OR constraint. The maxmin problem can be transformed into an equivalent form by introducing a lower bound t d ij Á ij [7] . When t is maximized, this lower bound ensures that t will be less than or equal to d ij Á ij 8ij. At the same time, the optimal value of t will be no less than the minimum of all d ij Á ij because t has been maximized. Hence, the optimal value of t will be as large as possible and exactly equals to the minimum value of d ij Á ij [6] . Thus, the optimization model (5) can be represented by the following equivalent model max t s:t:
The objective function along with the first constraint in (6) plays the role of the objective function in (5). In addition, the rest of the constraints of (6) are the same as those of (5).
Numerical results
In this section, we provide simulation to compare the performance of the proposed channel assignment algorithm with the default settings of having all APs assigned the same channel, the pick-first greedy algorithm [8] and the optimal channel assignment algorithm in [3] . In the proposed algorithm, we set the weighting parameter, w, to be 100. For the pick-first algorithm, we have executed 100 iterations to ensure that the algorithm converges regardless of the number of APs. For the single channel assignment we assumed that all APs are assigned channel 11. The free-ware optimization solver LP_SOLVE [9] is used to solve both the optimization model (6) and the optimal channel assignment model in [3] . In addition to the relative execution time, we provide additional complexity metrics, namely, the total number of iterations and the number of processed nodes. Here, the total number of iterations includes both the number of iterations to find a relaxed solution and the number of iterations in the branch and bound process made by the LP_SOLVE [9] . In addition, the number of processed nodes is referred to as the number of nodes visited in the branch and bound algorithm for an integer program that is successfully solved by LP_SOLVE. The total interference sum at the APs level and the execution time requirements are used to measure the performance of channel assignment algorithms. To measure the total interference sum at the APs for different channel assignment algorithms, we assume the following simplified channel path-loss model [10] 
where d o is the reference distance for the antenna far field, d ij is the distance between AP i and AP j and L FS ðd o Þ is the free space path-loss for distance d o , which is given by
where G t and G r are transmit and receive antenna gains in the line-of-sight direction, respectively. We assume that d o ¼ 5 m, G t ¼ G r ¼ 3 dBi and the AP transmit power equals 20 dBm. Fig. 1 shows an example of a topology consisting of nine APs. The corresponding results for this topology are shown in Table I . It is clear that the proposed algorithm provides total interference which is less than that of the single channel assignment by about 8.73 dB. The pick-first algorithm provides a total interference which is less than that of the proposed algorithm by 0.63 dB. However, the execution time of the proposed algorithm is 0.86% of that of the pick-first algorithm. In addition, while the optimal channel assignment [3] provides total interference which is less than that of the proposed algorithm by only 1.43 dB; the proposed algorithm can be executed in about 0.02% of the time required for that optimal algorithm. From Table I , it is clear that the proposed algorithm has less complexity compared to both the pick-first and the optimal one [3] . Specifically, the proposed maxmin MILP model has less execution time than that of the optimal MILP [3] due to the reduction in both total number of iterations and the number of processed nodes. Fig. 2 shows a comparison between the proposed model and the optimal model [3] in terms of both the total number of iterations and the number of processed nodes as functions of the network size (number of APs). The results provide reasonable grounds for significant reduction in the execution time of the proposed algorithm compared to that of the optimal algorithm [3] . 
Conclusion
A new optimization model based on maximizing the minimum distance between APs that work on the same channel has been proposed for solving the channel assignment problem in multi-cell WLANs. In addition, an integer programming formulation for the proposed model has been presented. The obtained results indicate that the proposed algorithm is better than the single channel assignment, the greedy pick-first algorithm and the optimal one [3] .
The proposed algorithm provides non-overlapping channel assignment and does not require any overhead measurements. Furthermore, the proposed algorithm can be implemented in practical time frame even for large size networks.
Fig. 2.
Total number of iterations and number of processed nodes comparison between the proposed and the optimal [3] algorithms.
